The role of fiber morphology in a thermal point bonding operation was investigated. Primary objectives were to understand the changes taking place in fiber structure due to applied heat and pressure, and the role of fiber morphology in determining optimum process conditions and properties of the webs. To study fibers with varying morphology, i.e., from partially drawn as in spunbonding to fully drawn as in staple fiber nonwovens, fibers with a wide range of crystallinity and orientation were spun and characterized, from two polypropylene resins. Thermally bonded carded webs were produced, using these fibers, and characterized in order to understand thermal bonding behavior of fibers with different morphology. The fibers with different morphology differed significantly in their bonding behavior. The fibers with higher molecular orientation and crystallinity tended to form a weak and brittle bond due to lack of polymer flow and fibrillation of the fibers in the bonded regions. In general, fibers with lower molecular orientation and lower crystallinity yielded stronger and tougher webs. Fibers with relatively less developed morphology also exhibited lower optimum bonding temperature. Morphological changes in fibers were observed during the thermal bonding process, in bonded as well as unbonded regions of the web. As a final step to see how the observations from staple-fiber study translate to one of the relevant processes during scale-up, spunbond studies were also conducted in a similar way.
Introduction
The basic idea for thermal bonding was first introduced by Reed [1] in 1942. Since then, there have been a number of developments in this field. Thermal bonding is now the most popular method of bonding used in nonwovens. The main advantages of thermal bonding are low raw material and energy costs, product versatility, small space requirements, cleanliness of the process, better product quality characteristics, and increased production rates. Of the several types of thermal bonding such as area-bonding, point-bonding, air oven bonding, ultrasonic bonding and radiant bonding, point bonding is the most widely used technique [2] .
Nonwoven fabric properties are determined by the characteristics of bond points and in particular by the stress-strain relationship of the bridging fibers. During point bonding, the bond points and the bridging fibers develop distinct properties, different from those of the virgin fibers, depending on the process variables employed. The changes in fiber properties have been hinted at by several authors [2] [3] [4] [5] [6] [7] but have not been investigated. So far most of the research work [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] has been done to study the effects of bonding conditions on fabric properties. Some work [12, [16] [17] has been done on the effects of fiber properties on final fabric properties. However, the role of fiber morphology and morphological changes taking place in the fibers due to applied heat and pressure in thermal bonding has been almost untouched. This has been mainly due to the fact that it is almost impossible to characterize the bond points and the fibers surrounding the bonds without the use of some innovative techniques.
Point bonding is used for a wide range of fibers, from those with less developed morphology as in spunbonding to those with fairly well developed morphology as in staple fibers. Thus it becomes very important to investigate the effects of fiber morphology on bonding conditions and web properties. In this study, polypropylene fibers with a wide range of crystallinity and orientation, but with the same diameter, were produced. The fibers were then used in studies of their bonding behavior and web forming characteristics. Spunbond studies were also done in a similar way in order to see the generality of the observations made in the staple fiber study. It was reported earlier that fiber morphology has a definite role on the structure and properties of the thermal bonded nonwoven webs [18] [19] [20] . A summary of results from this comprehensive investigation is reported here.
Experimental Methods Processing
Fiber grade polypropylene, which had a melt flow rate of 17 dg/min, supplied by Montell USA Inc. was used for the production of fibers. Fibers were produced using a Fourne extruder and spinning setup and a conventional two-stage drawing machine. Extrusion temperature was kept constant at 230°C. Polymer throughput rate and take-up speed were varied together in order to achieve the same final diameter for all the fibers. Out of six fiber samples produced, three were as-spun with no drawing and three were drawn after spinning. Drawing was done at 140°C. The processing conditions used to prepare the fiber samples are summarized in Table 1 .
Continuous fibers were chopped into staple fibers of length 40 mm for carding. Staple fibers, with an appropriate level of water (10%) and LUROL PP-8049 spin-finish (0.4%) supplied by Goulston Inc., were carded on a Saco-Lowell carding machine to produce webs with a nominal basis weight of 40 g/m 2 . As the fibers did not have any crimp, it was important to have sufficient finish on the fibers, and to control the humidity of the room for successful carding. Carded webs were then bonded at several different bonding temperatures and at a speed of 5 m/min using a Kuster point-bonding calender having 15% bonding area. Speed was kept low due to difficulties in handling of small carded webs. Nip pressure was kept constant at 350 pli for all the samples.
Spunbond studies were carried out using 35 MFR EXXON PP on the modified Reicofil-I line at the University of Tennessee, Knoxville. A schematic of the process variables is shown in Figure 1 . Melt temperature and cooling air temperature were the main variables. Airflow rate was adjusted to achieve the same fiber diameter for all the three sets. Webs were bonded at four different bonding temperatures for each set of fibers. Other process parameters such as bonding speed and calender pressure were kept constant. Filament samples before bonding were also collected for analysis.
Characterization of the Fibers and the Webs
Fiber diameter and birefringence were measured using an optical microscope. Thermal analysis of the fibers and the webs was done using the Mettler thermal analysis system consisting of TC11 controller, DSC25 and TMA40 modules. The scans were done at a heating rate of 10°C/min in air. Crystallinity was calculated from the DSC scans assuming that the heat of fusion of 100% crystalline polypropylene is 190 J/g. X-ray diffraction photographs for fibers were obtained using a flat plate camera and a Phillips x-ray generator. The x-ray wavelength was 1.542 A 0 in all the x-ray studies. Crystal size was calculated using the Scherrer equation from the measured full width half maximum intensity of reflection peaks in the equatorial scans [21] . "Duco Cement" was used as a glue for sample preparation for equatorial scans. Use of Duco Cement was helpful in sample preparation from bonded regions (only) and from very short fibers taken from unbonded regions of the web. Bonded and unbonded regions of the web were carefully separated from the web using a sharp pair of scissors and analyzed for molecular orientation, crystallinity and crystal size.
Tensile properties of the fibers and the fabrics were mea- . However, for fiber samples, a gauge length of 2" (5.08 cm) and an extension rate of 10"/min (25.4 cm/min) were used. For webs, a gauge length of 5" (12.7 cm), width of 1" (2.54 cm), and extension rate of 5"/min (12.7 cm/min) were used in both machine direction and cross direction.
A "Single-Bond Strip Tensile Test" was developed in order to estimate the bond strength and the degree of load sharing between the fibers during tensile deformation. A schematic of this test is shown in Figure 2 . A tiny strip of size 80 mm X 5 mm was cut from the web. The strip was cut in the middle in the width direction from two sides to leave only one bond uncut in the middle of the strip, as shown in the figure. The strip was then subjected to a conventional tensile test. The test was conducted on the United Tensile Tester with a gauge length of 1" (2.54 cm) and extension rate of 0.5"/min (1.27 cm/min). A total of twenty tests were done for each sample.
SEM images of the fabrics and the tested samples were taken using a Hitachi S-3000N electron microscope. Backscattered images with 30 Pa gas were taken in order to minimize the problems due to static charge generation.
Results And Discussion Staple Fiber Studies
Fiber diameter, crystallinity, and their mechanical properties are given in Table 2 . Thermomechanical responses (TMA) of the staple fibers are shown in Figure 3 . The six fiber samples covered a very wide range of morphology and properties. Fiber diameter was kept the same in all the cases so that the differences due to change in diameter could be minimized and the role of fiber micro-morphology in thermal bonding could be analyzed. As can be expected, there was an increase in crystallinity of the fibers with increase in spinning speed and draw ratio. This is an expected trend and the tensile data, i.e., increase in tenacity and decrease in elongation, is also consistent with the development of structure. TMA (Figure 3 ) data also supported the morphological differences between the fibers. Fibers with less developed morphology deformed easily, compared to the well drawn fibers that Tensile strength values of the webs produced from different fibers and bonded over a wide range of bonding temperature are shown in Figure 4 . It was observed that web strength decreased with increase in fiber molecular orientation and crystallinity. Fibers with relatively less developed morphology yielded stronger webs compared to fibers with more developed morphology. Fiber to web strength realization (ratio of fiber strength to web strength) for different fibers is shown in Figure 5 . Fiber to web strength realization decreased sharply with increase in fiber molecular orientation and crystallinity. Higher strength realization for the fibers having lower molecular orientation and crystallinity may be partly attributed to higher breaking extension of the fibers. Higher breaking extension of the fibers leads to greater degree of load sharing between the fibers during the deformation of the web. Optimum bonding temperature for drawn fibers was found to be higher than that for the as-spun fibers. Further, optimizing the bonding temperature did not help much in the case of highly drawn fibers, as can be seen from web strength versus bonding temperature relationship. Web breaking extension as shown in Figure 6 exhibited a trend similar to tensile strength. Wei et al. [14] and Bechter et al. [16] have also studied the effect of fiber draw-ratio on polypropylene nonwoven fabric properties and reported that fibers with lower draw-ratio resulted in fabrics with higher tensile strength.
Fracture mechanism of the webs was studied using both optical and scanning electron microscopy (SEM). Optical micrographs of the bonds after the tensile test are shown in Figure 7 , at optimum bonding temperatures, for as-spun and drawn fibers. The bonds did not rupture during web failure in It is further evident from the image of "elongated" bond in Figure 7 that bonds were very ductile and strong in the case of as-spun fibers. Disintegration of the bonds during web failure in the case of drawn fibers is shown in Figure 8 . Fibers are pulled out from the bond one by one during disintegration. A similar kind of disintegration of the bonds occurred in the case of as-spun fibers at low bonding temperatures. In the case of as-spun fibers, drop in web strength above optimum bonding temperature may be attributed to very severe thermomechanical damage to the fibers in the bond vicinity at higher temperatures. Figures 9 and 10 show SEM images of bond points of webs for as-spun-1 and drawn-1 fibers, respectively. It is evident from the figures that the bond is not well formed and there is "less polymer flow" and "fibrillation of the fibers" in bonded regions of the web in the case of drawn fibers. Insufficient polymer-flow and fibrillation of the fibers appear to be the main factors responsible for the weak and brittle nature of the bonds in the case of drawn fibers. No fibrillation was observed in the case of as-spun fibers. Fibrillation of the fibers is further clear from the SEM image in Figure 11 . In the case of drawn fibers, polymer flow could be improved by increase in bonding temperature. However, web failure occurred due to rupture of the bonds even at higher bonding temperatures. A good correlation was observed between the bondability of the fibers and the TMA failure temperature of the fibers. The higher the TMA failure temperature, the higher the temperature required to obtain a good bond. 16 
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Figure 11 SEM IMAGE OF A BOND FOR DRAWN 1 FIBERS AT HIGHER MAGNIFICATION (500X)
A single-bond strip tensile test was done in order to estimate the bond strength and the degree of load sharing between the fibers. The results of this test are shown in Table  3 . In this test also, no failure of the bonds was observed in the case of as-spun fibers. Whereas, in the case of drawn fibers, bond failure was observed at breaking loads much less than that in the case of as-spun fibers. Therefore, it may be concluded that bonds were much stronger in the case of as-spun fibers as compared to drawn fibers. The bonds became more brittle and weak with increase in draw ratio of the fibers. Difference in breaking loads between as-spun fibers, as there was no failure of bonds, was attributed to the difference in the degree of load sharing between the fibers. The degree of load sharing between the fibers was directly related to breaking extension of the fibers. The higher the breaking extension, the higher the degree of load sharing.
Spunbond Studies
The morphological characteristics and mechanical properties of spunbond fibers for the three sets are listed in Table 4 . WAXD photographs are shown in Figure 12 . The results show that the three sets differed in terms of their molecularorientation, crystallinity, crystallite size and other morphological aspects. Fiber diameter was within the desired range for all the three sets. As in the case of staple fiber studies, fiber diameter was intentionally kept the same so that the differences due to change in diameter could be minimized and the role of fiber micromorphology in thermal bonding could be analyzed. Set I fibers had the most developed morphology followed by Set II and Set III, respectively. Diffused peaks in WAXD patterns of Set III fibers indicate the significant presence of "smectic" phase in Set III fibers. Formation of smectic phase is favored at higher melt temperature [23] , as was the case for Set III. This is probably due to the fact that higher melt temperatures lead to lower stress in the spinline. This allows greater supercooling to occur before crystallization begins. When this temperature drops below about 70 0 C, smectic phase rather than a-phase is formed [19] . Fiber birefringence and breaking extension of spunbond fibers did not go hand in hand. The differences in phase structure may be responsible for lower breaking extension of Set III fibers, in spite of their lower birefringence.
Differences in the web properties for different sets were marginal in the case of spunbond webs owing to small differences in their fiber properties. Tensile strength and breaking extension of the spunbond webs from different sets of the fibers bonded over a wide range of bonding temperature are shown in Figures 13 and 14 , respectively. Optimum bonding temperature was the lowest for Set III fibers followed by Set II and Set I, respectively. Better bondability of Set III fibers may be due to their smaller crystal size, paracrystalline structure and less molecular orientation, which provide better polymer flow at lower temperatures. A good correlation was observed between the TMA failure temperature and the optimum bonding temperature of the fibers. Fibers with lower TMA failure temperature, such as Set III, had lower optimum bonding temperature than the fibers with higher TMA failure temperature, such as Set I. A similar kind of correlation between the TMA failure temperature and the bonding temperature has been reported by Zhang et al. [20] . Improved bondability of the fibers from Set I to Set III could also be seen in terms of increase in fiber to web strength realization from Set I to Set III, as shown in Figure 15 . However, as can be seen from Figures 13 and 14 , the trend in web properties for different sets reversed from lower to higher temperature.
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Figure 12 WAXD PATTERNS OF SPUNBOND FIBERS
Two competing factors in this case may be speculated to be the bondability and the mechanical properties of the fibers. At lower bonding temperatures, bondability of the fibers seemed to dominate the web properties, and at higher bonding temperatures, mechanical properties of the fibers were dominant. In general, bonding behavior of spunbond fibers was similar to that of asspun staple fibers.
Morphological Changes During Thermal Bonding
Morphological changes in the fibers were studied at medium bonding temperature, which was 145°C in the case of staple fiber studies, and 135°C in the case of spunbond studies. Noteworthy changes in fiber structure were observed in both the cases. The effects were less prominent in the case of spunbond studies as compared to staple fiber studies due to relatively shorter residence time in spunbonding. The changes in molecular orientation of the fibers during the thermal bonding process are shown in Table 5 . Birefringence of the fibers increased as a result of annealing under constrained length during calendering. Increase was more for the fibers with comparatively less developed morphology before bonding.
The changes in crystallinity of the fibers during thermal bonding are shown in Table 6 . A significant increase in crystallinty was observed from virgin fibers in bonded as well as unbonded regions of the web, in the case of staple fiber studies. Such a substantial increase may be due to much higher residence time in the case of staple fiber studies, which allowed sufficient recrystallization to occur. No significant changes in crystallinity were observed in spunbonding. However, crystal size increased during thermal bonding in both staple fiber as well as spunbond studies, as shown in Table 7 . Here it needs to be noted that crystal size data for smectic phase are only reasonable approximations. Increase in crystal size was even more prominant for spunbond fibers. Crystals in the case of spunbond fibers grew bigger and fewer. Such a rearrangement of crystalline structure in spunbond fibers was also indicated by WAXD equatorial scans shown in Figure 16 . Change in location and width of reflection peaks from virgin fibers to bonded and unbonded regions of the web suggested transformation of smectic phase to the more stable a-monoclinic phase during the thermal bonding process.
Conclusions
Fiber morphology plays a very important role in determining the optimum bonding conditions and the mechanical properties of the web. Fibers with relatively less developed morphology yielded stronger and tougher webs as compared to fibers with more developed morphology. The fibers with high molecular orientation and crystallinity tended to form a weak and brittle bond mainly due to lack of polymer flow and the presence of fibrillation of the fibers in the bonded regions. Fiber breaking extension was found to be equally important, if not more, as fiber strength, in governing the web properties. Higher breaking extension of the fibers leads to a greater degree of load sharing between the fibers during deformation, thus improving the mechanical properties of the web. Fibers with less developed morphology showed lower optimum bonding temperature. A good correlation was observed between the thermomechanical stability of the fibers as measured by TMA and the bondability of those fibers. Optimizing the bonding temperature did not help much in improving the web properties in the case of highly drawn fibers, i.e. fibers with very high molecular orientation and crystallinity.
In general, findings with spunbond studies are also similar to that in staple fibers. In addition, it was observed that crystalline structure and crystal size do affect thermomechanical stability and, thus, bondability of the fibers. Less perfect and less stable structure, such as smectic phase with smaller crystals in the case of Set III, led to lower thermomechanical stability and, thus, better bondability of the fibers. In general, bonding behavior of spunbond fibers was found similar to that of as-spun staple fibers. It was observed that fibers do undergo some structural changes in bonded as well as unbonded regions of the web during the thermal bonding process. The extent of change in fiber structure would depend upon the structure of original fibers and the process variables employed. 
